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W Three-dimensional Imaging System 

The cuixent invention concerns a system for imaging simultaneously multiple layers within a 
three-dimensional object field and has applicability in fields including optical information 
storage, imaging short-timescale phenomena, microscopy, imaging three-dimensional object 
structures, passive ranging, wavefiont analysis and millimetre wave optics. 

The use of an undistorted one-dimensional amplitude grating to produce identical images of a 
scene in several diffiacuon orders is known. Most of the energy is concentrated in the zero 
order-with most of the remaining energy being contained in the +1 and -1 orders. Phase or 
phase and amplitude gratings may be used to change the distribution of energy in the different 

diffiraction orders. 

It is also known that distortions of such a grating (i.e. dislocations in a direction perpendicular 
to the grating Unes) may be used to produce phase changes in the optical system and thus sh^e 
the wavefront in the back focal plane of the system. This effect has been used to separate 
redundant baselines in a masked-aperture system using a dislocated grating and has formed the 
basis for computer generated holograms for many years (P M Blanchard. A H Greenaway. R N 
Anderton, R Appleby. 'Phase calibration of arrays at optical and millimetre wavelengths', J. 
Opt Soc Am. A., Vol 13,No. 7. ppl 593-1600. 1 996; G Tricoles. -Computer generated 
holograms: an historic review', Appl. Opt.. Vol 26. No. 20, pp4351-l360, 1987 and M Li. A 
Larsson, N Eriksson. M Hagberg. Continuous-level phase only computer generated holograms 
realised by dislocated binary gratings'. Opt. Lett., Vol. 21. No 18. ppl516-1518, 1996). 

The imaging of a three-dimensional object using a 'through-focal series' is also known. By this 
method a sequence of images of the object are taken with the optical system focused on 
different planes in the object field. An alternative approach forms simultaneously a matnx of 
images reconied through a matrix of lenses, each of which provides a different focus condition. 



A disadvantage of the 'through-focal series' is that because the images are recorded 
sequentially it is ill-suited to imaging the three-dimensional strucmre of dynamic processes. A 
disadvantage of the second approach is its complex design and that the resohiuon obtamed is 



OR 
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United to the resolution delivered by the individual lenses in the array, the diameter of each of 
which (thus image resolution) is constrained by the space into which the array may be packed. 

The storage of data in three dimensional, optically readable, storage medium is also known (S 
Jutamulia and G M Stori. -Hiree-Dimensional Optical Digital Memory', Optoelectronics - 
Devices and Technologies Vol 10. No. 3, pp343-360. 1995 and K Kobayashi and S S K^o. 
'Multi-Layered Optical Stomge with Nonlinear Read/Write', Optical Review. Vol 2. No 1. 
PP20-23. 1995). These papers review the media and architecttire for various three dimensional 
optical memories. 

According to this invention an apparatus for producing simultaneously in a common plane, 
spatially-separated images of an object field comprises: 

a difiiaction grating capable of pmducing an image associated with each diffraction order and 
being substantially quadralicaUy distorted so as to cause the images to be formed under various 
focus conditions; 

means for detecting two or more of the spatially-separated images 

and imaging means, capable of directing radiation from the grating to the detecting means; 

wherein the imaging means, diffraction grating and detecting means are arranged on an optical 
axis which intersects the object field and the diffraction gmting is located in a suitable gratmg 
plane. 

The object field may be self luminous, nanirally illuminated or artificiaUy illumina^^ 

The invention utilises a single lens or multiple lens system with a distorted diffiaction grating 
to produce simultaneously, in a side-by-side arrangement, a set of images of the object field m 
which each image in the set can correspond to an image of the object field recorded under 
different focus conditions but in which the fixU diameter of the lens system is explorted m each 
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%age in the set. For each image in the set, the resolution, magnification and depth of focus is 
that which would have been obtained if a through focal series had been produced by va^g 
only the focal length of the lens system. 

Thus images of loci of different depth wi.hin the object field can be p«Miuced simultaneously 
on a single plane. This would allow simultaneous reading of optical data s«>red in different 
layers witiiin a suitable storage medium. 

The gr>ti»g used c=«. be a single touted difftacUon gr«i«g or a series of such g«dugs. THe 
^Uugs used may be produced by oo«p««r-ge„e»,ed (digitised iu space a„d/or .n a».pta^) 
Tby analogue (e.g. in«rfe«»ne«ic) means, may be amplitude^y. pbase^y or .mphu«ie 
and pbase and may be reflective or tnnsmissive in nature. 

in U« following descripaons detector means a detection means comprising '-^y^^^ 
system such as a pbtellated anay of detector elements such as a cbarge coupled dev.ce (COT). 
L applications v^hero detecdon of .be pr^ence or ^sence of nmesoWed targets .s .e,un^ 
fl,e detector may comprise suitably-positioned, isolated detector elements. 

■ae invention wiU now be describ«l with ref.««ce u. the foUowing figures in which: 

figure 1 shows schematicaUy suitable grating planes, by way of illustration only. 

figure 2(a) Shows schematically a conventional, undistort^i. ampliu^y 

nTin an imaging syst^ aud figure 2(b) shows the ^. and -1 dilSaotion order m»ges 

produced when such a grating is inserted in a suitable grating pl«.e of an mu^ system, 

figures 3a and 3b illustrate respecfively an undistorted gtaung and a» distortion of a grating by 

a fixed amount. A; 



figure 4 shows 



schematically a simple imaging system of the current invention; 



figure 5 shows two computer generated ampliwde gratings; 
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difftaction orders by the current invention; 

to «f the imaees of a resolution target formed in the 
figure 7 shows experimental measurements of the images 

.1. 0 and .1 difftactioB orders by the current invention; 

« ™ <thows the defocus states of the 
fi^reSCa)showscrossedamphtude^^^^^^^^ 

corresponding diffraction orders and figure 8(c) sho 

point source through the gating structure of figure 8(a); 

cental images of a resolution target obtained using crossed amplitude 
figure 9 shows expermiental raiages 

gratings; 

«^ , 0 *<>»s sc^^oal-y a u^^S "^'^ ^^^^^ ^ 

Z^Zo.^ ~. „.jec p.»« « a .^e p.a«. 

figure 11 shows images ot an exienacu H 
distorted amplitude grating; 

figure 13; 

^ «>,i ects located in different object 
fig^ .3 ^bcw, ««»l«neau. side-by-side unages of 3 ob,«=« 

planes and 

^ be adapted for reading of data stored in a three 

figure 14 shows how the mvention may be adaptea 
dimensional optical storage medium. 

• anmles relate to appUcation of the invention in the field of optics. 
Although the followmg examples relate to app ^ applicable to 

Oiis should not be seen as limiting as the general principles 
other waveleng^s of electromagnetic ladiation. 




a „BR 'gB IS. 21 FRO" 




. „H/ardiv™iiw beams a suiUble grating plane "<>»"<> 

^ image or object field, for example pUne PI m „^ «.,Us normal .o *e optical 
_.pr„a.cc.l.aani.ab,egra.lng^^w^--^^ 

converging or diverging beams. 

es^sa^^ ^. ^ „>,ttvT,ically be used in the current invention 

distortedg^ting^wh^cbnughttypxcallyb 

first be described- ^y^j of 

^^ea^or.er.B.c.-l.^-o*^--7 

field as the rero order, though «.th d.ffere.« 1^ ^^.nrional amplimde grating and 

^.«!on Fieore 2 shows, as an example, a one-am. 
^^constnKtKm Ftgur . . ^ _i o ««1 + 1 diffiaetion otders. 

U>e images ofaPOi=. object formed m the l.O>n ^ 

^ is distorted locally, by a displacement of the sti.ps m a 

grating thxougb equation 1, 

Equation 1 

*^ - ^« into which the waveftont is scattered 

• ^ u the diffraction order into wm^u 
„here d is the gmtmg penod. m .s the dt „„distor.ed position, as sho«n .n 

--^--•"""""'t.C^'^esph.seshinsof^.-a.magnimdebn.opposi. 
figure 3. Such a distortion of the grating p 
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m «i -nto -.1 and-l diffr«:tion orders and leaves the tmscatt«*d 

Iga m tbe wavefronts scattered mto +1 and 

^avefront in the «ro order unaltered. 



level gratings- 

enucd holograms, the di«or«.d g«m« «m be des,g»ed by 
aividi«g U>e grating area B«o , =.m,ber of ee ls ^ ^ ^ i^vidualb-- 

calculating .be degree o, aistorUon to ^^^^ ^tttbole leading to eontinnously 
Al.en^v.lytbedistor.ionc«>be3ppU«i«...-g--^^^ _^ 

by grating fabncaUon or by using a» 
device. 

distorted mngc „♦„ w chanced in real-umc. 

Wd crystal device «, allow the gra.n.g to be changed 

fer to arbinary distordo--^ -"■•^'^ 

:l»ede«r.^..e.^------— "^^'^^-^""^ 

implementation of this invention. 

e§^eemGra^ ^^j^ compared to an in-focus image, can be 

.defocused optical systemhasaphase^hi.^^^ 

represented by a quadratic i^mcuon of the ™ ^ ^ Wolf. 

to the Gaussian reference sphere (e.g. section 5. , ^^^^^ 

^ /-X *xrvi 1 080^ This invenuon reiaies* w « 
Pe^an^mon. Edition 6, Orford. 19^ u,. 
as a quadratic ftnction of distance ftom the opttc. 
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C d i Equation 2 



he« i. . -is«>«io„ in a di««ion p«P«dicu,» » .he ^ line, (figure 3). x and y 

,sU>.gr»m.gI>er.od,>..s P ,„ ^^s „4HsU« radius of tt« grating .peflnre 

^ ■ it™,nlii,Uie+Idifeactionotder(oC»20)andris.nen«u s- 
*em«ge forced mttie a circular apeituie has been assumed, but flie 

«^chiscenWon*eopUcalaxrs.:ne^«on:^ac^Ura^ ^ 

1^ o«r.H«l to an aperture of any shape. 0C20 is the wavenom 
rr%l^S^lin:def<«us.be.rationcons.an.e<^v.eu.».hepa*^ 

■tIll.heedgeof.hcaper»«be«een.in.hiscase. *e ^vefton. scaner^d 

difference inBoduced a. me eoge o i~ diiSaction order {e.g. 

u ^.rfiffiaction order and 4e Gaussian reference surfece for that oinracu 

5 and Physical Optics. R S U^ghurst. Bdition 3^n. 

::,'^>S;rchangein.posedon.e — scat^edin.^ 
oLelcanbe calcuiatedby conrhining^iuation . and cation 2 to g.ve. 

27t,C». : .^ Equations 
4)(x,y) = ni-^^Cx +y J 

- ^ ^ «^ Hv the fluting leads to a defocus of all difftaction ordere 

rn"rsltoLgea"d.eo«ec.f.e,d»id.differingdefocusconditions. 
:r^r.l>ns,yandside.y.sideonthede..«>rin*edifreren.di«^no^ 

. ■, f,hein»eotioncanbed«nonsttatedwiU.referencett.4e-l.O'^*V 

ditfiact.onord«s.Referrmg.ongu , jesimed andanangedto inuige an 

^.in, can he denronstrated using ^ optrcai sy - <^ ■ ^ 
object (2) on the optical axis (3) onto detect plane B a. the 

..^ ™™.MWhich is added to the optical system 0) 
Aq»«k.ticllydisK,rtedd,f6uct^gn..».g<4)wh.ch. ^iffiaction orders. 

^uoestwoadditionalimagesoftheobiect(2)mplaneBm.^«^^^ 
L the normal .bcal pl-= B -h' '^^"'^ • 
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^d-ldiffiacuon orders undergo oe ^ pi^c can be x^hed where the 

i.n.oved along the optical axis either .deofp^ane^ap^^ 

physical defocus cancels out the defocos^troduced by ^ ^ 

IL way the images in the ^1 and-1 diffraction orders canbe brough 



C). 

The separation 
radius of the grating aperture 



, ^ A B and C is detetminedby the grating distortion, the 
Si of tiie image planes A, B ana is. 

and the optical system through. 



2v^m ^C^ Equation 4 

2vin oC„ + f* 



will undergo a d«=foc«seqm«dent to -n^ and. tbro go eq 
l«».cd eifl^r side of and diff<=ren, di.«=ces ftom plane B. 

;n „o oase wl.c« 2vn«C„ « e.^-^- * ^ 



^ pl^el A and C a,e sy=».emcally placed abou, plane B. 

_ .^ofthe gating defocm(j^^) needed to geoen«e&e 
Equation 4 <»n be «.mnged „. tenns of the e» g ^ ^ ^flv^on 

^.nired image pUne separation (&) between „.-foeus unages 

orders (m=l)» 

Equation 6 



2v(v-5,) 
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f and 5(b) ea.h -x-" -^"'^^^^^ „«efo«^ «^ 

r4;ctance from the centre, lo give uiaiw* 

design cell. 

, w ,^r^eA with computer simulations and 
^^ofthese gratings has been venfiedwixnMJ v 

The defocusing property otttoesegnt b 
experimentally as will be described later. 

Simulations perfon-a ^ipes in F»«r.o-. W H Press. S 

...;^.s^.wTVene....BPn^.-^^^ 

followed by an inverse FFT to generate obtained via a double FFT technique 

. ^ the autocorrelation of the grating, obtainea v 
^calculated from the autoco ootics - An Introduction, E G Steward, 2^ 

he lower *an of tt.c «=ro order, to *.s flg» ^3^. wifl. fl» de««or in 

and -IX respec y demonstrates that the mask ts generating 

orders can be brought mto tocus. m 

to o^ier «. verily *» con*»>» sunularrons, ^ V^^^ ^ „ a 35,.». sUde. 

^.in. ^^enlarged^lac. and pic»»= .nd a gra^SP«iod < 

™»provid»dagn«ingwid.aoiroularapcr».eofd.ame«ricn.o 
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(50cm) in ftoD. of l<»^ ^^^^^ „3mmisrion and the 

second lens. A wbite Ugh. »urce was used «, ^ ^ ^ filter 

^^^p^^-j;-'»-;^X".-COde«e«.nsedu, 
v^th a bandpass of lOnm, centred at 650nm. was placed 

record the image. 

». axial focal shift of *4.9C« and-5.5cn, inOie and-1 difftaction 
^ p..a»ete« l«ui to «. a»al f^ <„fl.e 
orders respectively 4). F.g»re 7 shows fl. g 

detector a. positions co«sponding to planes A. B and ^of J- 

i^gescapn^edby the detector andthesarne unases ..^-^^ „ 

o„^.i and-. *«^-™<»^*"'^-'":rl::HrLnnedalon..heopdcala,is 
^ difliaction o^ are brought into focus as the " 
o.«.sys.e».A..hescposi.ons.thephysi^d.«^^^^ 
defonnadons introduced by the graongs, that .s the gtatmg 
of phise (defocus) predicted. 

^e techniques described so ^ can be e«end«. ™ centra, nine difSaction 

ooe^ensio.algra.ings..f.wog..n«sare^«n^-^ 

orderscanbeuse^my used, .f the defocuses4C.)ofa^J^^^^ ^^^^^ 

I ^ fcl ^a^b the nine images of the scene ui»i ^ 
a-K and VK then, for \a-B^ ^a*t>.yx^ example of two crossed 

- A■«^^^ defocus conditions. Figure 8a shows an examp 
oorrespond to nme d.ff.rent defocus c ^^^^ ^v= de&cuses of 

^t^havingdcfocusesof^^iXand^^-^^^^-^ ^^^^^ 
a.e central nine di«a«ion »dcrs and figute Sc *owsa ^ ^ 

point source through the gn.tings (no,nu.h«d). ^^j' ^ 



,0-03-98 ,5:23 OUT 9,32930* ,0 p ."o . C UPLES . PPGE.016 

0 MRR '98 15:24 FROM 




optical axis. The luu i»"b 
was approximately 20cro. 

if *e d«.c»r i. P.ac«l « in^^ «• ^ ^ ^ ^ ^ sum 

focus in^ges of object 5 and 7 a-d u. f"-- J , ^ , disoennbte m a>e 

..fB.e«.a.ood.™..eof<*icc.6«»^^-«-^^^ 

Plane. T,»s.P--°»^^ 

plam« imaged in plane B.sd«cnmn6d by* sr. 
^ertu« and ibc opocal system through. 

2u'm .C^ Equation 7 

5 as ~ TTT 

« the +1 diffraction order, r is 

been made. 

oration Of planes in ihe object field that 
.he— .dep.h.in.en„sof.he— ^-^^^^^^.^^^us.. 

_ ^ individually im^jed. is O^^^^J^^^^ g^tin, to image multiple ptane. 
The image quaUty obtained when usmg ' „^ obtained by ^^<^ 

.i,hin the object field will be «.c same aa .fa 

^ OP.C system to a*u« iu focus to -^^^J „^ ^ «xst 

that different oWec. pl»- "'.'^^^^ Fi^e 1 1 sho^s images obtain* 

ohscved using a fi,ed detector and a smgle .no^«e ^ .„ object phme 

on locadng a 400 , 10^ (400^) diameter ^^^^^ . .ongtha of 

5 6 and 7 of figure 10. Tl-e OP^^- ^--^ 
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12 from the second leDS 

. rCD detector fixea » ^ of 

^„rteito*«n ^ ^ofrf;.<r- j^^spta"^"* ^ .vertical'*'"* 

„l.dve u. plane 6. A 5. 6 an «s used » Ul«»^ 

Objects mtrai^sm ^^^^p^^^onot ^d circle, wbdst ^passof 

^gcsODj Tueseurvagesoc :„„i6 detector. detector. 

,^,e> of ^^^'^^^ .^by-side on a au.^ ^ , 3««le d«ec 

P0.si.le«>--^ 

aetoeusingd«^^*°"'° c«.«»*i"^°'"*° 

If an amPl""" " ^jft.otion orders. TO ^ „,„ B«na»> 

^, landmsb"™ ForexaropW-"'' 

phase Braids'" 



1 (^^^ 
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^linunate the zero < 



intensities 



of the multiple dif&BCtion orders. 



PeiaOS^^^^^^^^^^^^^^^ ^ >^«.tesoiilY on one polarisation state of the 

vvavefton. will produce po..n^def<«^^ ^^^^^ 

suitable PO,aHn.e»ic .n..es of dy.a„.cUy-cW».. ^ce.''- 

m^im^i^S^^S^I^^^^^^^'^ ^^jforreadingdattstoredinaU^ 

di„..„»iW .^oai .»n«e «e.^ ".^T^T ..v^^vidua. daia s«,«*e <.K>. 
emprises disere-e opdcaBy --^^-''^^l^ ^L^T^^^ - 
-^-^ ' Trt^l n are oapabie of P«.*aci.S a aiS»a. 

rr:rro:rrrcr..e.„a,„.c..o..-vi.s.eda.co^^ 

photodiode or a photo transistor. 

3. ^een d» .«»ag. n.^u» 8 -^^^^ 
,,0,,,^ an el«:oo>necha=.<»latr.»6emen. known pen„ 
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1 . An apparatus for producmg sunultaneously 
an object field comprising. 

« ima« associated with each difftaction order and 

focus conditioiis; 
and imaging means, v»k 

, Hetfictine means are arranged on an optical 

plane. 



,„ore optical dements 

, or 2 -hereby the diffi«<io- grath* eompri^ 



two on 

a set of 



^Tor Ire cros^d one^ou- ~» -'■^ 

^ ^-^v^c-tion crating comprises a set of 
t -7 wherebv the dif&action grau*i6 
..A^apparatusaccording.c^-^^^^^ 
two or more one-<iimensxonal dif&acUon grati g 
orders are spatially separated. 

,.._,..ceor<...oe.^.or..ere..e.«..o..^.— 
dimensional diffraction gratmg. 

^ ^ Wwiction crating is an ampUtode-onl . 
^^tusaccordingtoclaimsltoS whex^by the d^ffracuon gratmg 
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